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This thesis_presents the~esults of an 
· investigation on a heavy welded box s-hape 24-" x 24". x 2", 
design~ted 24 O 774. 
and theoretic .. al. 
The study was·both experi~ent~l 
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The experiments t~p6rted are residual· stres·s 
measurements and tension ·coupon tests. The influence of 
the manufacturing procedure on the fo~mation,bf residual 
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stress was invest.igated. 
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, Th-e ·theoretical part deals- with the predict.i-on 
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of the maximum. strength a,f, box columns.· A computer program 
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., ........ --.,:--,,..-.:.:_ 
' 
•. 
-... --
. .' --
• C ·,:... 'I ·" 
'-, 
•. 
- - ------ - - - - '·-·-- ~-- • -'-~-- •---••,••"-•"---••-•••-•~& .--·•-=•,&A 
·-, _s_tress, initial out-of-straightnes$_and size of the shape, 
. 
on 1:h-e_ ---m·ax·imum-·----s-tr·eng-t·h- -is sh.own • 
. -- ( ;, . 
., . .:., . 
•' " 
.:·T <::::-r : . 
r 
- \ - -.. L, 
I 
.._,_ 
'{ . 
' 
. .., 
:,:t· ',is. conq+uded that. ta-e· ~elding ______ p.i?-ocedure' ha:s 
.. ~-'-----~----'-'---c-'-'----'-----:--~----'-~--'--'--'-'---,:----...,.-~~· ---c------·,---- ' '. . -···---·---·-- ,----~--------~~·---------.·--·---· -------·--
,, . 
·, 
.. .I . ... ~· ·~ ... 
. . 
• . 1 • 
· _ tbe mo.st significant in'fluence on the formation o~ .. residual ·--
. •' .. ' - . 
---
. • r 
:____.:.--
1(' ·... "- . 
-~ "'." ... ~1.; ...... ~-- .•• ...:_. '. .. . • - .... 
.. 
. . ___ ?, ... _ .. ;:;.· 
I . 
• "I" t~· 
- :·" ,,. ,\·.:·· "-~ 
.. , ._, .... t. 
\ 
-.,, __ 
,_ 
·v 
• • 
\. •.. ~11. 
.r 
..... · ...... \ . . . ·. 
===~~===- ----· -. ·- ;=._-·-c- --·--!~--::::-.-c----:·-=----=--~: ~--.-. -.~ . .......-,-·: -- .....,,...,-:--.-.  --·-c\~---,-----,--:--.~~~-_.:._,_~=----,-.--t~ 
I 
', . 
' ( ', 
~:,~.~ ~ 
---·- -···-······"( 
, ......... --- •---~--- __ .---;--::-'--, 
-
' . ' ·----+-- --------c;c- -- --;:c;:c:-:;_.=-- -- - ---------- ---;--------..,:+---· . -- . - ·: ~- - .. 
<· 
stress, especia•}ly 
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the welding sequence, ' • since it wil'l 
cause the· residual s,tress .distribution to be 
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unsymmetrical, and that & unsymrne·tr i c residual stress .. 
. . 
can have some influence on'the . ~ maximum strength. From 
-"! I • 
• comparison of the heavy_··box· shape investigated wi.th 
respect to a considerably lighter_ shape (1006·1) it has 
been found that heavy shape a smaller rnagn,itude 
of • compressive res-idual stress, a.nd that slender he?tvy 
columns (L/r > 8.0) can be as much as 20% stronger 
slender light columns if compared on a non-dimensionalized 
basis. 
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ABSTRACT 
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·This thesis presents the results of an 
investigation on a heavy welded box shape 24" x 24" x 2", 
designated 24 D 774. The study~was both experimental 
and theoretical. 
The experiments reported are residual stress 
measurements and tension coupon tests. The influence of 
the manufacturing procedure on the fo~mation ·of residual 
stress was investigated. 
The theoretical part deals with the prediction 
of the maximum strength of box columns. A computer program 
was developed to compute maximum strength curves. The 
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cause the .. residual stress distribution to be 
unsymmetrical, and that the unsynunetric residual stress 
can have some influence on the maximum strength. From 
comparison of the heavy box shape investigated with 
respect to a considerably lighter shape (10 0 61) it has 
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been found that the heavy shape has a ·smaller magnitude 
1 of compressive residual stres_s, and that slender heavy . 
·columns (L/r > 8,0) can be as much as 20% stronger than-
slender light columns if compared on a-non-dimensionalized 
basis. 
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1. INTRODUCTION 
:t'-t. ,.;; .. 
~- . Heavy shapes ar.e being used increasingly in 
· -large structures. The_ applications include the lower 
stories of multi-story buildings, large bridges, 
assembly building~ for space vehicles, and many more. 
Some heavy column shapes used in existing 
structures are shown in Fig. 1. In this paper, heavy 
shapes are defined as sections with component plates 
exceeding 1 inch in thickness. Very little information is 
available about the strength of such members, since 
previous .. investigations dealt only with small and m-edium 
" 
size shapes. 
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······;,heavy shapes made of A36 s·tee1·. · Figure 2 shows -the . · 
., 
I·. 
shapes being investigated1 the first five shapes have 
1 d b d (3) area y ·een measure. 
-·· 
The study presented here describes the. 
investigat~on of a- heavy box-shape, 24 0774·. The 
residual stress distribution is presented and related 
" 
l • 
to the ,manufacturing procedure, and the results are 
compared with·· residual stresses in a medium-size . shape. 
A computer program was developed based on a 
i 
theoretical approach desdribed in Ref. 4 to study the 
influence of main factors such as residual stress, 
initial out-of-straightness and size of the shape,on the 
. 
maximum strength of a column~ 
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2~ MANUFACTURING PROCEDURE 
. , 
-
. ,~~---·~ 
. . 
The manufacturing.and fabrication conditions 
.. ······• 
can have a major _influence upon the magnitude and 
distribution-of residual stress and yield stress • 
. Therefore the actual c.ondi tions during manufacture of 
the box-shape were recorded. 
The r.ecording includes infor1nation about 
chemical .and mechanical properties of the heat, rolling, 
flamecutting and welding procedure. These data were 
recorded together with that for a number of me-dium-size 
to heavy test specimens~ which were ordered for residua1 .. -----
stress measurements in two rese~rch ·projects, ''Welded 
Columns and F·lame-Cut Plates" and 11 Residual Str·esses in 
Thick Welded Plates". (S)' 
. . ~-"=~~:·~--~-----· ---------·- .... ~ ·¥". cc~-~-_,,. ,---~~-::::.,.-·~·,••~r·,-4-,,.- . ..-=~-= ~ ,, "'--.,,.' · ...... y\, ~- .- ----- -- . 
" 
.,.a. 
-·-- ------· .. ' ·- ·--- ·--~ -- -- . - . -
The rolling process consists- of two phas .. es: 
-~--,.;_ 
' 
-
-the initial r-olling and the final r,olling. Figure 3 \ 1 
-
·. shows a schematic. diagram of the rol_ling process. 
• I 
").,.' 
-·- ----- ~-
·:.-' 
' . 
I, ', ' ,, 
: -- ·' 
.. •, 
-if~-.. -,:'·. -
-.:.,.. . .ta·. :. ~-
, .. - : . 
... :--:-·-' -~ . :· . . .. 
~· ,.._ -., ·- ... 
. . , ,. 
..__ , . :i I ' • 
' / 
' ., ... ,.',. 
..~. f . 
. ~·-' ~ 
- -.'.l, \.. ·itt 
\_.,. -- . - . . .. - - -- ·-
I ' . ~ :;._:. ~~~:-J ,Ci;' ,i .. . . 
·- -- • \ i - :··'·. • ; • ' 
• :, _ .-r • 4 · . ". ~ 
;~ -· . 
. - - - - .. -- - -;, 
' . .. ~ -' .. ' .. ·: ~ ~-" ,, ' .... ·-'·"';'' .'. '. -\- ~ .. . ,:..- ..... ~-
. . ' ~--. -~, .... .'.~.·-.",'.J. ,,; ...... 
¥ j· :':,, 
1 .... ·./.-- . 
... . . :. " ' \· 
' . , ) . . t, ,;._· .... 
. ' .. . ' 
l. ·.+ --- '-
-, 
,. ' 
. 
-~.:, i\ ·~ , __ 
,! 
. ' ' ' . \ -+ ' . 
. \.. 
--- ~-. ..,..., 
--- -----~------~~-------- ,, .. · ··----~~~-~-~:.---~-"·. ___ , ___ _:_ __ .~ .. ·--,·---~----~----- - ----- -~ 
\ 
,, •• I 
i .. 
' . --- - --- ' 
• 
:,--
or,. 
; ·~ 
'·· · .. I • .• • - . • 
- 0 .. 
' I 
I . 
. 1. j 
.. . 
- ,,.,. 
..- ' .. 
- - ., 
'· I 
. ,. ----·-i·· 
. 
. .~ 
-........ .;., ... __ 
.. - - ... ··------·-·-·-
-·,,.-, . ---·· ·- ·-·---·"· -.. . .. 
r· 
-4 
·,-. - .. :-
First the irigot· is heatea·to 2400°F irt a 
furnace. Th~n the ingot is passed through a first -
/ 
' . 
- -
• 
rolling stand, which gives the ·pl"a~~ the approximate 
r_~quired ~imension. Figure 4 shows this phase of the 
rolling. The final rolling stand brings the· plate to 
the required dimensions. Table 1 shows the chemical and 
l. 
mechanical properties of the heat as given in the mill 
test report. 
After rolling the ~lates are_ placed.on the 
c·ooling bed. Temperature measurements. were made at the 
cooling bed using "Ternplestik" temperature crayons, 
provided in increments of 50°F. The variation of 
temperature across the plates was not measured. The 
result of the temperature· measurements are plotted in 
Fig. 5. 
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~peed.was set to about 10 inches per minute. 
transverse -cutting the same speed and only 
5 . I' -
-
' . ~ 
' , -
For 
----
-' 
one torch was used. Temperature measurements were made 
- r by drawing l.ines on the p.late surface -using the 
"remplestick" crayons., The location of measurements 
relative to the torches is shown in Fig. 6. The 
' -
temperature distribution d-ue to flame-cutting is -shown· 
in Fig. 7. 
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2.3 Weldin9 
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• The 7/8". groove welds were deposited by a 
~ 
semi-automatic welding machine, the Lincoln ML 2t. A· 
5/32" diameter electrode wire was used which conformed 
to the AWS class E7018. Shielding was ·acco-m.plished by 
- a granular fl'llx, 780 type. 
,J ,J' I' 
Fi~~re 8 shows the we~ding in pro~ess. F~t was 
-
made by tack _ and seal weig~ ~~c:-we.lded. with. E70 .. l.8_: __ ... ----------·-··· 
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-·---- -electrodes of 5/32" diameter • Figure 9 shows a seal weld 
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---··--··--·- --being placed. Preheating was manual and according to- the 
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3. RESIDUAL STRESS MEASUREMENTS 
3. 1 Sequence of s·ectioning · 
For the measurement of the residual stress 
distribution across the shape, the method of sectioning 
as described in detail in Ref. 7 was used. This method 
allows the measurement of the longitudinal residual 
stresses in a sp~cimen by cutting it into a large number 
of sections. The distance between two points is rneasur~d 
... 
before· and after the sectioning procedure; the relieved 
strain can be computed, and is equal to the residual· strain 
assuming that all the residual stress has been relieved 
q 
by the sectioning. The residual stress can then be obtained 
by multipliing the strain with the Young's· Modulus, assuming 
/' 
a completely elastic.behavior. 
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longitudina.-1 cut·s were used to separate the top and 
- bottom plates ~rorn the side-pl~tes using the same cold-
saw. Originally it was p.lanned to section the coinp.onen~ _ 
plate~. Final readings should be taken after this 
procedure • 
) 
.. 
Duiing the longitudinal cutting the inside of the 
side-plates.were scraped and sev~ral gage-holes were 
destroyed, by accident. Figure 12 shows ·a photo of the 
destroyed surfaces. The original plan was then changed to 
" 
save as many r~sults as possible. 
Measurements_ were taken on the gage holes which 
,, 
were not destroyed. Thus the.stress-relief after partial 
sectioning, that is, after separating the component plates, 
could be computed at these locations. New·gage points were 
drilled on the inside surfaces of the side plates, and 
..... 
new initial readings were . taken. . Then the plates were . -··--------:-----------~ .. -.-.. , ... -.. 
. .. 
--- ------ .... ------,~--·-----·--=-----:--""" -.. ' 
~· -~----~--------··--sectioned as planned. Measurements were taken· again and 
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the additional _stress relief due to final sectioning was-------------:--;~----:··------
computed • ., The final res_idual stress distribution. was_- then · · 
.. . 
computed by adding the residual s·tress obtained after I. 
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partial sectiond.ng to t~e residual stress ·ob~ained-from 
' . ., ... , 
,. 
sectioning the component plates. 
. ~ . 
• 
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:As pointed o~t, some gage holes were destroyed" 
at the inside surfaces and a residual stress distribution 
after partial sectioning had to be assumed for these 
locations. Figure 13 shows the distribution which was_ 
assumed. This assumption was 'obtained by using the 
distribution at the lower part ofjthe right side-plate, 
• 
3.2 Results · 
The reduction of data was made using a digital 
--- ., 
. · ~mputer. The procedure and the relevant computer programs 
'"" . '{i . ~>, 
are described in detail elsewhere. (B) Automatic plots of 
th·e distributio·n of residual stress in the compo.nent plates 
were obtained using a digital plotter. This distribution 
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The average out-of-equilibrium stress was 
-1·. 4 ksi. This is mainly due to the fact that residual 
· str.esses had to be assumed for the d·estroyed regions of the 
side-pl·ates. However, compared with out-of-equilibrium , · 
stresses obtained from measurements on other shapes,()) ~ich 
vary between +O. 6 and +l. 0 k-si, the error is not very large. 
- -
The distribution was adjusted for equilibrium by applying 
the computed out-of-equilibrium force and moments in the 
.opposite direction and adding the resulting stresses to the 
residual stresses ... · F·ig··Gre 18 shows the final average residual 
........ 
stress distribution adjusted for equilibrium. 
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3.3 Discussion of Results 
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_a minimum specified yield value·of 36 ksi, such high ~ .. 
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. 
_· residual st~esses are possible at the weld because the 
· ._deposited weld material has a much higher yield stress 
than the parent material. To verify this, tension coupon 
.... -··-
tests were made. The size and location of the small 
_specimens is shown in Fig. 19. Table 2 ·shows the results 
of the tension tests. It can be observed that the maximum 
y_ield _stress ·of the tension coupons containing the weld 
-is about 65 ksi. The yield stress of the material at the 
location where the residual stress measureinent was taken 
has apparently a somewhat higher value.· 
• From Fig. 17 it can be observed that the residual 
stress distribution is not symmetrical. To illustrate the 
formation of the residual stresses in the box-shape, 
consider the residual stress distribution of one of the 
coroponent plates at different.stages of the manufacturi~g 
;-· . 
,•, 
•, 
---·--- - ~---- --····,-------- - ~-P.f9·~~(1JJr~.11_:~F.igure.20 presents resu·lts of residual . stress-~-- . -~ ~ . . . .. ----~- ----~-- .. ~~,....,....,- ~~--. -··~= -··· -- . -- . _' . 
·· ---- ~:- ~: -measurements of a plate 24" x 2". (9) 
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· ' , · middle portion. The flame-cutting of the edges changes 
-- . ~-
th·e distribution to tens·ion at the edges and compression·· 
. at the middle. The residual stresses are symmetrical 
i •-· --··--
because both edges are flame cut simultaneously. To form 
the shape, weld material is deposited at the edges. The 
tensile stresses at the edges are raised to a value near 
. 
or equal to the yield stress of the deposited weld material. 
To maintain internal equilibrium the compressive residual 
stresses will also become bigger.. -·The distr.ibution is no 
longer symmetrical. This is due to the fact that the weld 
material is not deposited simultaneously at both edges. In 
the case of the 24 D 774 shape a large number of-pas~es was 
. . 
,.,· " 
required to complete the·welds and the welding sequence was 
rather· cornpl'i,cated. Thus, the welding procedure w.ill have. 
the most significant eff_ect on the formation of residual 
stress, especially the sequence of welding, since it-will 
- ~ 
be responsible for the unsymmetry of the ___ residual stress. 
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. Figure 21 shows a- schematic a·ia.gram of the welding 
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- - ' sequence as -is was recorded at the fabrication of the 
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- - , }By comparing the diagram in ·Fig.· 21 ·with the·-
residual stress distribution the-~ollowing observations can. 
be made: 
··11 
. . . . 
1. The region at weld #1, ·which was completed 
last exhibits the highest value of tensile 
residual stress. 
. I.. . ········ -
2. The value of tensile residual stress at weld 
#4, which was completed first has, compa.red 
with the ether welds, the lowest value of 
tensile residual stress. 
I 
3. The values of tensile residual stress at 
welds #1 and #3, which required only nine 
passes show higher values of residual stress 
than the welds #2 and #4, which required 11 
and 10 passes. 
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1. The welding process has a major_i.nfluence on 
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the residual stress distribution of a box~ 
sha-pe. The welding introduces· high __ tensile 
.. • 
residual stresses at the weld which have 
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values·near to the yield strength of the 
deposited weld material. The material at 
·the weld is heat-affected and in general 
exhibits a yield strength which is much 
higher than that of the parent material. 
To maintain internal equilibrium the tensile 
stresses a:r:e balanced by compressive stresses 
at the middle of the-component plates. 
2. The unsymmetry of the residual stress 
distribution is due to the fact that the ----- ---- V ' 
welds were not welded simultaneously but 
were completed following a certain sequence. 
How the residual stress distribution actually 
is related to the welding sequence should be 
subject to further research. 
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3. 4 Cornpa.rison with Smaller Shapes 
-~ --~---~-------;;-------- --
-The results of measurements-of residual stresses 
~ 
in -"the heavy box-shape ~~re compared with t;hos'e of earlier· 
stl.ldies on-Sma"ller box shapes, (lO) to evaluate th8 '· ... ' main 
' 
~--di.rf e-renc~es:·--oetween-ffeavy ana·-- smill to mediUill size shapes. 
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The residual· stress distribution in a 10" x 10'' box-shape 
with-i" thick component pl_ates is. shown in-Fig. 22 • 
' The following con.clusions can -be made from this 
limited comparison: 
.... 
1. ·Tensile stresses in the w~ld region are of 
higher magnitude in ·heavy shapes, probably 
because the restraint is larger. 
-
2. Compressive residual stresses in medium-
size shapes are of higher magnitude and 
almost const·ant at the center portion of the 
component plates, whereas- the compressive 
stresses in heavy shapes are smaller in 
mag~itude and decrease towards the center of 
the plate. This ·fact was found to be true 
also for other heavy s}:lapes. ( 3 ) 
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' 4. EVALUATION OF· COLUMN STRENGTH 
_____ !.~ .... 
4.1 Theory and Assumptions 
For the evaluation of column strength a computer 
program was developed based on a theoretical approach 
described in detail in Ref. 11. The theoretical approach 
"-I' 
is essentially th~ s~e as that used in earlier studies.< 4 ,lS) 
". 
.. , .•\ 
The following assumptions were made: 
1. · Each fiber of the column has an idealized 
.. linear elastic-plastic stress strain behavior. 
,.. 
2. The initial as well as the final deflected 
shape is described by a half-sine w~ve. 
3. Residual stresses are uniform through the 
· ··- ,..,_____ _ .-_--,: ·~~"-,---· ___________ .. ___ .. thic_kness ,and constant along the column~ ---------: · 
,, 
4. Sections originally plane, r~main plane 
for the range of deflections considered. 
. . ..--,,;· 
,j 
s. The yield stress a can vary across the column 
~--------,-,--~--------c-~~·----- _...... 
- ---~----------- .. ---Y . ······-·· -------------·-----.. - ·-- --·----... ---- .. ·-·---- -~~~-,--,-· 
- . 
. but is assumed to b~ constant t.hrough the 
s 
~ thickness -of th~ compon.ent plates. , 
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·· 6 •. The strains and stres·ses in the cross-section 
at the column mid-height are considered only • 
.. 
\".. 
The main principle of the approach described here 
is to firid a thrust P for any deflection 6 ati the co.lmnn 
' 
mid-height, such that the external and internal .forces ~nd 
/ 
moments- are in equilibrium. 
The two equilibrium equations are: 
p -
-
p int 
PO= M. t in 
combining (la) and {lb) yields: 
M. t in 
6 
• 1 
;_-':. ,,____ 
(la) 
(lb) 
(2) 
Referring to Fig. 23, 6 copsists of the initial out-of~. 
straightness, the deflection of the column under load, and 
.. : .... , ... :-.:...:.._ 
· ~-·· ---.. ~--·-.·-------........... the .eccentricity of the applied thrust: 
. -------·---- ~-----~-·----- ~~·-~---~-···---· 
--~ • --·-• - .... ••-•••- •• - • •• - _ , ......... ,,.. •-•-- ·<• --• __ ,•,- ... '• .... • ......... ___ , ... ,,.,& ... A•-- A•~- ~d2- --,--- .. ,'• .... , 
= v +vM+e 0 X for y-axis bending • 
.• 
· r1·'> 
' 6 = for x--axis :pending _ . . . 
.. A. numerical i ter~tion proc_e_dure is employed to solve Eq. 2. 
- . --·-. - --- ·, '<ri 
·~~-·· .. ,-._ ...  ___ ._ .._ ...... ~---Tl?-_~ ---~!l~P~ -~s ____ di vid~q t~tp ____ ~ _:tl_µrr:tp~r _ of finite _area_ e~l __ emel)_t._s··--------'--
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as shown in Fig. 24. The residu~l stress and the yield 
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--· stress is assumed to be constant inside every e··lement~" 
ana·aiong its length. 
~ . . ... ------
The total stress in every element due. to the 
· applied load can be written as: 
~ ayn (3a) - -= e + eA +. j x /e r n y if 
or 
if an> ayh (YIELDING IN TENSION) (3b) 
if an< ayn .(YIELDING IN COMPRESSION) (3c) 
wher~: 
, a , e =. stress and strains in the element 
n · n 
-
= ratio (residual strain)/(global yield strain) 
. 
i'. = ratio (axial strain)/ (global yield .s_train) 
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, = curvature due to ~M 
• 
e _,a __ y 
. y . --l I global strain a-t yield and global·;yield stress 
.,-
. • .P 
, . 
,, 
= yield stress-of the e·lement 
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. n -. 
·= distance· of the e~ement- from t~e. y-axis. 
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For a·- certain value of mid-height defle_c_tion, . 
-~ 
the only unknown in the above equations is the axial 
, 
. l"~' 
' .......... -~~ 
-~ strain since the curvature J can be obtained by assuming. 
ft--. /' 
the deflected shape to be a sine wave: 
, = • V M (4) 
where vM is the deflection at mid-height due to the applied 
thrust. 
-By assuming an initial value of eA the iteration 
procedure can be started. 
and 
. \-
The ratios: 
p. 't in 
p 
y 
M. t in 
p 
y 
1 N 
= A E 
n=l 
1 N 
= A E 
n=l 
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n 
a y 
. .-·-
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n (Sa), 
...... .. : .;• •:. 
.. -·---- _.~ 
,_ 
. 
. ' 
,--
/ ,_-
. -~- . 
______ .... _ -· _,, ______ .. _ .. _ ------ -... -- .. ----- ---- ..:-·where- ------------ ----- ~- -- -- ·-- ---- --- -- --- - ------- ----- --- ____ ,.___ ~- _ ....... _·------~---- ----··-'·-~-----·--···~--•,.~.-----.-----.- .. - . . - - .. 
P. t 
- in 
M. t in 
«? 
. 
= internal force in col~ mid-height 
= internal moment in co.lumn mid-height 
A - = · area o-f element -n 
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= area of cross __ · __ section 
-----·---,----
. 
Py=A ay. yield load of the cross section. 
can now be computed.· 
Next, the eq·uilibrium equation (Eq •. 2) is ch~cked:· 
,, 
---- . 
~p 
p 
y 
-
-
p .. 
. int 
p· 
y 
-
M. . 
int.< A • 
P · 6 - , min y 
( 6.) 
If flp. exceeds the specified tolerance fl . · , the value of P min-
. i'A i~ changed and a new improved value of !P is computed. ---
The iteration process is continued until !pY < /J. • • The 
- min y 
value of /J.. , used in the program described in this report min-
is 0.002. This means that the iteration is stopped when. 
~Pis 0.2% of the yield load of the c~oss-section. The 
iteration procedure described above is carried out for 
different values of vM. For every mid-height deflection 
the corresponding thrust which satisfi.e.s cequilibrium is 
. .• 
found and a load-deflection curve is obtainedo The4maximum 
• • s• ••·• ··-- ·••·•·••'•-• -----~--•••••••-~-• --•-- • •••••• ··-- a 
. ' 
••• - •••-,. • •• ~ •---·~ ,·· ·-·•• •.•L•••~.-
• . . . . 
Every value of J../r leads to a corre-spon.ding value 
.. 
· for P ,.. and the ·column curve can be ·obtained. max , · · · · · 
. . 
Before the 
.. . 
. - . 
... COnJputati·o_n is started the resi·dual stress Elistribution is 
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checked for .equilibriq.m and, if necessary, adjusted to ,. 
ensure. equilibrium. 
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computing one column curye of the 2·4- (] 77·4 shape with 
· intervals of· L/r equal to 10· is about 10-20 seconds on ~a 
CDC 6400 computer, and costs about $1.S0. 1 ', . .., 
·, 
' ' ,1: .· 
•' \ I-------
Elastic Unloading 
In the theoretical approach d~scribed above, it 
... 
has been assumed that every element will follow the idealized 
,:.. •. <-, 
elastic-plastic stress strain curve in the loading as well 
as in the unloading process. However, it is known that the 
unloading will be elastic and therefore, will follow a 
different path. To study the importance of this fact on 
the column stre·ngth the progr~m was modified to include 
elastic unloading. The additional equation for the· element 
. stress can be derived from Fig. 25 for an element unloading 
elastically in compression: 
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where e 
n is the value of the element strain at the onset ·1 
' 
of elastic unloading. 
·comparison. was made between the values of maximum 
strength computed with and without elastic· unloading. For 
the values of slenderness and out-of~straightn~ss considered 
. 
--
1--
·· in the next chapters, no significant difference in the maximum 
.. , 
.. ;. 
strength was found. -Even ·though it was- observed. that 
unloading will take place, the effect on the rnaximwn stre~gth 
. 
will not be very gr~?t since fibers will start to unload 
near or after the maximum load is reached. The elastic 
unloading will have more effect on the unloading behavior 
of the column, that is,. after the maximum load has been 
reached. 
:-, 
4 .·!2- Influencing Factors 
J 
The maximum load a pinned end column can carry 
\ - , ... . . - . . Jr~-- • . -·-··-··as 
can be defined as a function of a number of variables: 
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. 3 •. _ Eccentrici·ty of the applied load e. 
0 
. ·. ---· 
\ 
'. 
4. ··Initial deflection ·of the column v-. 
0 
5. Geometry of the cross section G 
6. Area of the cross section A 
7. Young~s Modulus E 
' -~ ' 
8. Slenderness of the column L/~ 
t 
,t 
Each-of these variables can again be a function of the other 
· ·variables. For example 
:~ 
., 
since the residual stress distribution is different for. 
... different geometries and sizes. For·-·oneparticular column 
·these variables are defined and the maximum strength of 
the column can be computed. However the maximum strength 
of one particular column is not rel~vant since we_are 
dealing in practice with a variety of columns. ___ Oil~_ p_OS$ikt1_e __ 
-···-··· - .. -,-, -·-· .~-· .. ·-·- . 
approach is to 
(12) variables. 
tr·eat the- above mentioned variables as random ...... , . •. !,. ·~--
An extensive inv~_stigation is currently ----
-----------,---
. - '" ·-· ________ , _ _. ............. - ... . 
-underway at Lehigh University to predict the maximUI11- strength -.~ .--
of columns based on probabilistic concepts. 
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The scope of the study pres··en-ted ·next is not to· __ 
predict .. the maximum strength but to invest.igate the 
importance of som~ of the variables. By choosing two--
extreme values of some variables and evaluating the column 
streJ?.gth with these values, their influence is. shown. 
,,)_ 
The following factors are considered: 
1. Initial deflection v 
0 
-2. Residual stress ar 
3. Slenderness L/r 
4. Geometry G and Area A 
,· 
1 ". 
• ,'f<C>. 
Except for the slenderness ratio, all the factors 
were considered separately, that is one factor was varied 
while the· other factor.s were considered to be constant. 
4.3 Results 
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an almost perfectly straight one. 
'I,· 
The curves for v 
0 
'I 
-
-
. 
L/1000 and v0 = L/10000 are shown in Fig. 26. The residual "· 
' . 
stress distribution was assumed to be symmetrical and based 
on the results obtained in the previous cha~ters (see Fig. 27) •. 
.. . 
The distribution of the yield stre.s·s across the shape is 
., 
assumed, based on the tension coupon test results 
... (see Fig. 28)-.· Bending about the x-axis was considered only . 
·Influence of Re~idual Stress .. o 
Again, two extreme cases were chosen to study the 
. . 
influence of residual stress on the column 'strength of the 
heavy box-shape. A column having .no residual ·stress is . 
.. 
-compared with one containing residual stress as shown in 
Fig. 27. Figure 29 shows these two curves for v0 = L/1000. 
To evaluate the influence of an unsynm1etric 
residual stress distribution the ma~imum strength curves-· 
,--•-·•- ~,' ~·,w•- •ft ft,-.,----.,,,•-~·•••"• •~•- '''""' """··-· """ - ~-•-, '""'" •< ... -., ., 
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·-.,.~-. 
.T ·I. 
. '· 
... 
. residual· stress distri·b-ution obtained from the residual 
······-··-··. 
-~ 
. stress measurements {see Fig. 30). The result for v -
____ L/1000 and v = L/10000 is plotted in Fig. 3·1. 
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-------Two cases are consider-e~d---=-----~.; · 
0 • 
Case 1: The .higher compressive residual stress 
is at the concave side of the column. 
- - - . :~;. ~ . 
·-.-~: 
Case 2: The lower compressive residual stress 
· is at the concave side of the column. 
-•---
It is assumed that the column will buckle in the 
direction of the initial deflection. 
' 4.4 Discussion df Results 
. 
The initial out~of-straightness and the·residual 
stress have a significant influence on the column strength. 
The fact that the column will not be perfectly straight can 
influence the maximum strength significantly; the reduction 
can be as much as 12%. The 'influence is almost constant 
over the- re_gion of slenderness ratios considered if v is;' 0 
.o 
" 
' . 
# 
·, 
·, 
expressed in terms of the length of the column. The ··-· -.- -- ···-------·----:::---~--
~ - - . . - · .. presence of symmetrical residual stress can decrease_ the 
( 
----·-·--·-I 
• 
. . ~- __ ,.~ -
~ ---
. 
.. 
C ' 
. : '.·· . 
' .. i. ',···, 
maximum strength as much as. 10% from the condition without .,-· ) 
residual $tresses. ..,The influence wi.11 become smaller for 
slender. ·column.s. 
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• . . The· fact that the residual stress distribution 
in the 24 D 774 shape is not symmetrical will effect the ____ __ 
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column strength of medium length colwnns (L/r < 90)__, 
having.a small initial out-of-straightness. The column . 
. strength depends in this case on the location of the 
higher compressive residual stress. The colwnn curves 
. 
in Fig. 31 beg.in to diverge for slenderness ratios below 
100, the lower curves representing the column which has 
• I 
.·the· higher_ compress-ive residual stress at the concave side, 
that is the side where higher compressive stresses are 
ti applied due to bending. The difference between these two 
curves can be as much as 4% (v = L/1000) and 12%. 0 
(v0 = L/10000). 
~ ... 1:~·'··· , ... _.,., 
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.. For the ___ column curves in Fig. 27 it has been 
assumed that the buckling will occur iri the direction of 
't 
. ,. 
the initial,out-of-straightness. It has been observed 
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...r··'· .... ....... . _, __ · however in tests of initially very s-t.raight columns :that-----a- ---~:_:_ ___ ... 
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colwnn can: .first start to deflect in. the direction of the 
----- .. ~ . 
' initial deflectionu but,· after.a certain load is ·reached, 
can deflect in the opposite way. This phenomenon·of 
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·which had si-gnificant unsymmetric residual st·resses due 
to cold-straightening.(l4) 
,;,. ·-
--- ... ----
,, f"" \ Almost 14years ago, Fujita(lS) made the I -
unsymmetrical residual stress alone responsible for the 
. . 
. occurrence of deflection reversal. However, his· theoretical 
appr6ach is very simple and does not represent the actual 
case. Apparently the variation of residual stress along 
the length and the initial shap~ of the column also has 
some influence. 
". 4.5 Compa~ison With a Smaller Shape 
To evaluate the differences in maximum strength-
• between heavy box-shapes and smaller shapes, column curves 
for both shapes were computed. 
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Figure 32 shows two-column curves: one was 
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. computed for the heavy box-shape 24 D 774, the other for· a· . 
. . . 
. 
I small= to medium-size box-shape 10 D 61. The res_idual stress -, 
distribution for the ~mfller sh~pe was obtained· f·rom Ref. 10. 
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r· 
. 
~ The initial ou,t-of-straightness for both columns was ass·umed 
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Since the maximum load is non-dimensionalized by 
~e yield load Py in the plot and in both cases the 
material used was isTM A36, these two curves can be 
compared. 
•\ -· ·--~ 
·.v. . 
For large slenderness ratios (L/r > 100)_, the 
heavy shape can be about 20% stronger than the medium-size 
one, if compared on a non-dimensionalized basis. As the 
slenderness decreases, the difference becomes smaller and 
for shorter columns (L/r <.60) ~he medium-size shape 
. 
tends to be about 3% stronger. Comparison with column 
test results for the 10 D 61 box-shape (Ref •. 16) show a 
good agreement with the theoretical prediction. 
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heavy b·ox-shapes than in small to mediunr-
si ze box-shapes. This is probabli du~ to the 
' . 
fact that the restraint in heavy .. shapes is , 
·· bigger. 
2. The yield stress of the material near the 
weld can have a value which is nearly twice 
' 
_· ..... . ~- ~ 
.. 
that of the parent material, reflecting the ~ 
weld metal and the heat-treatment. 
3. Compres·sive residual stresses at the middle 
of the component plates tend to be lower for 
the heavy box-shapes as compared to the much . 
s~aller size box-shapes. 
. ' 
4. The w·elding procedure, especially the seguence-
of welding, has the most significant. influenc~ 
on the formation of residual stress. The 
' ' 
distribution to be urisynimetrical. • - • • --~ ,. ·• -- ,, :..~ .,,,.,••~•~ '• ., • ..-,. o, '" ,.,·,•~~~,,,,A .. •-••-'~ . •-•~"W'-• --... -----~-- .-.. --., ' . ' 
· 5. , The unsymmetry-· of the residual ·· stress . . 
- -
distribution becomes significant for medium-· 
initial out,..of-straightness. 
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.. 6. From a comparison between the -heavy shapes"-
24 D 774 and the small- to medium-size shape 
10 0 61 it has been observed-- that slende~ 
heavy columns. (L/r > 10,0) can exhibit a 
value of maximum strength which can be as 
much as 20% higher·than that of the slender . 
medium-size column. As the slenderness 
decreases, the difference becomes smaller 
and for L/r < 70 it reverses (that is, the 
medium-size column tends to be slightly 
stronger than the heavy one). 
The study presented here is limited and more 
research on heavy shapes has to _be con-ducted in· the future. 
However, the attempt has been made to point out the f~ctors 
which have significant influence both on the fo11ttation of 
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----------~- --residual stress and on the strength of heavy box-columns·. 
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~ ., .. , has a significant irtfluehce on the formation of residual ~ 
stress and that the resulting dissymmetry of residual 
- -!... ... • 
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stresses can have-some effect on column strength • 
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For the heavy box-shape, about 2000 measurements ., 
had to be taken to obtain the residual stress distribution. --
The time required to sectio~ the specimen was_ considerable, 
mainly because some shopwork had to be done elsewhere, since 
the facilities were not available at Fritz Engineering 
Laborat~ry to handle such large shapes • 
. ,
Since the·experimental investigation is very costly- ·i 
' 
and time-consuming-, more emphasis should be given in the 
future to the theoret~cal prediction 6f residual stress. A 
computer program should be developed to predict residual 
stresses in any heavy shape, including the effect of the 
welding sequence; this would build on the earlier work 
conducted at Lehigh University -a decade ago. Thus, test 
specimens would be used only to confirnt the theory • 
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C 
i . 
- _; r=-- . .. 
~ 
.. 
READ· <IN,45l <RSTF1<J> 4iJ=1,NF) 
READ (IN,45> (RSTW1<J>,,J=1,NW> 
· R 1:· AO C IN , 4 5 ) « RS T F 2 < J) , J = 1 , NF ) 
READ (IN,45) (RSTW2(J) ,J=1,NH) 
SPECIFY CONSTANT~ 
ISW=O 
PI_;:3 .1416 
C=T/AREA 
·YSTR_=VS/ 29& 00 • 
PY=YS~AREA 
. ' 
',, ... 
.-z:1 ,, 
.. 
C ADJUST RESIDUAL STRESS-DISTRIBUTION FOR EQUILIBRIUM 
CA,LL ADJUST 
·sw ITCH=!. o. 
C 
.· C OPT=X, ISYM=1 
C OPT=Y, ISYH=O 
C 
X-AXIS BENDING 
Y-AXIS B·ENOING 
READ <IN,44f·oPT,ISYM 
IF (ISYMoEOo1) 'R=XI · 
IF (ISYMoEQoO) R=YI 
., 
C 
R= SQRT ( RI AREA> 
NONDIMENSIONALIZE .RESIDUAL 
DO 1 J:1gNF 
RESTF2(J)=~RSTF2(J)/YS 1 
STRESS 
C 
1 RESTF1<J>=~RSTF1(J)/YS 
00 2 J=1,NW 
RESTW2 CJ» ==RSTW2)CJ> /YS 
I J 2 RESTW1 (J) =-RSTW1.<J > /VS 
3 READ <IN,45) EOL 
. --~-
f' 
I 
·c NEL=.TRUE. ELASTIC UNLOADING OF FIBERS CONSIDERED 
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C NEL=.FALSE. ELASTIC UNLOADING OF. FIBERS NOT CONSIDERED 
·-· 
. 
., 
·C 
4 READ (IN,43> NEL 
5 1SW=ISW+1 
READ <IN,45) LOR 
·' 
IF (l0RoGEe200.) GO TO .3 
IF (LORoEQoOe) GO TO 4 
IF (LORcLT00e) GO TO 41 
READ <IN,49> VINCR,BAINCR;ASTART,VSTARt 
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C 
WRITE (OUT,50) NEL 
INITIALISE VALUES 
NYC=O 
----:;-:_ - NY T= 0 .. ,,,. . 
~- ., '-
., . 
BASTR=ASTART 
V=VSTART . --~ - . 
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. · -- -AXLOAO=-o .- -----· · . ..;, ·· . .:......:.:,_. - .:,_;;__:.~ .. --,------~~ - ---'--· 
OEFL·=vo . " . ........... 
NUM=O ,·-·,.:· .. ·. •;., 
.. .; . . ,. ', ·- ,..., .. . 
. 00 6 J = 1,. tJ F . - . ,,.,. · , · ··----~-- r · - ··• 
IF1CJ>=O , l 
IF2·< J > =O 
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6 F2ST(J)=O. 
DO 7 J=l, NW 
.IW1(J)=O 
IW2 tJ»-=O 
W1 ST «· J) = 0 • 
7 W2 ST (J) =O • 
8 ~UH=NUM+1 
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STORE COMPUTED VALUES INTO ARRAY. 
NCO( NUM> =NYC 
NTE(NUM) ::NYT 
Y1(NU~):;AXLOAD 
X1(NUH>=V 
. IF (NUM0EQ0IMAX> GO TO 38 
IF «NUMoEQo1) ·Go TO 9 
IF «Yi«NUH)olEeY!(NUH-1)) GO TO 38 
9 BASTR=BASTR+BAINCR 
V=V+VINCR. 
DO 11 J=i~NF 
IF <IF1«J> eEC.1> GO TO 10 
F1S(J)~F1ST<J> . 
10 IF «IF2(J»oEQ.1) GO TO 11 
._ ' , F2-S < J) = F 2 ST CJ> 
1-1 CONTINUE 
DO 13 J=1, NW . 
IF CIWl<J»~(Q.1} GO TO 12 
H 1 S ( ·J > = W 1 S T ( J > 
- "' 12 IF (IW2(J).EQ.1) GO TO 13 
'W 2 S ( J ) = W 2 S T ( J > 
13 CONTINUE 
-~ DEL ••efIRST ITERATION STEP 
DEL=o05 
PHI=PI•PI•Vt<L•L> 
DEFL=VO+V 
SWA=O 
IC=O 
ITER=O 
M=O 
MU=O 
.:,. ___ .::·~--
<· 
_.i. 
·---;: .- - ....... --- -
., . 
t- : .. 
~- .. 
- . ' 
' 
·-----e---START I TERAT-I-ON---r-e-o·e-T-A-r-N~,1-p-y-r0~A--s-P£e-IFI-c VALUE··· o·F V 
-----~-----.. --: ... - .. --·----- _ 1- 4 IT E"R = I T ER+ t _ ___ __ .. _ _ 
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_ IF <ITERoGE.NCYCLE> ~OTO 40 
C INTEGRATE ACROSS SHAPE TO OBTAIN INTERNAL MOMENTS ANO FO~CE 
- , 
C B EN-0-I NG ABO U T V..., A X I S ..... _ -·--··· .. 
IF <ISVMaEOoi> GO"TO 15 
CALL SUMS T_~ <RES T F 1 , X t SY F , 0 x., NF , F 1 ST , F 1 S , IF 1) - -~' 
CALL SUMSTl ·<RESTW1,XAA,SYW,DY,NW,W1ST,W1S,IW1) 
CALL .SUMSTE (RESTf2,X,SYF,OX,NF,F2ST,F2S,IF2J"-· --- - -\ 
·:. CALL SUM STE (RES TW2, XAAM, SYW, DY, NW, W2ST, W2S, I W2) .,· L, .. ,·· - .. V . GO TO 1.f> . \ 1 ... ; · • · · · -- --\- ---: "---- ,.· .... , ::::....-~ 
•'-"---------~- ---·-- ·- _ ----. -_·-·.  e---a~ENDI NG Aaour x-AXI s - ·- - - ··· -- - - - · -- ------- ~ 
~,-15-CALL SUMSTR <RESTH1,Y,SYW,DY,NW,W1ST,~1S,IW1) 
CALL SUMS TE (RESTFi v Y.AA, SYF, DX, NF, F1ST, F1S, IF.1> 
CALL SUMSTE «RESTW29V~svw,ov,NH,~2ST,W2S,IW2) 
• 
/ CALL SUMS TE <RESTF2, YAAH·, SYF·, OX, NF ,F2ST ,F2S ,,IF2_) 
- 16 MOML D'= ( MOMENT /DEFL> •c , . t · 
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C 
C 
. ,
't'· ' 
.. 
HOHLO=-HOMLO 
CHECK EQUILIBRIUM CONDITION 
IF ACCURACY SUFFICIENT GOTO NEXT VALUE OF V. 
DEtTA:;;AXLOAO-~OHLD 
-IF (ABS(OELTA»oLEoe002J GO TO 8 
IF (HOHLDoEQoOo) GO TO 3~ 
.~. 
l'.I .;.. 
---;: ·.;:: ........ . 
.... _. .. -: 
. ~-. 
:., . ' '...:~------..... 
·~ . . 
' .... - ··-···· 
:\,. 
.C 
C 
C 
.C 
· THE FOLLOWING STATEMENTS CONTROL THE ItERATION PROCEDURE AND 
CHANGE THE VALUE OF· BASTR AT EVERY ITERATION CYCLE SUCH THAT 
FAST CONVERGENCE IS OBTAINED 
C 
IF (SWA) 17,21,17 
, ? 17 IF ( DELTA > 18, 19 , 1 9 
18 SWB=-1 
GO TO 20 
19 SHB=i 
20 IF CSWB-SWA) 30,31,30. 
21-IF <DELTA) 22,23,23 
22 SWA==i 
,~ TO 24 
3 SWA= 1 
24 IF «ABS(OELTA>.LE.0.02) 
IF ( H > -2 8 , 2 5, 2 8 
2 5· IF < DEL TA > 2 7 , 2 7 , 2 6 
. 26 H=-1 
GO TO 28 
27 M=1 
28 BASTR=BASTR+DEL•H 
GO TO, 14 
29 UEL=e002 
IF (H) 28,25,28 
<\ 30 IF CIC> 32,34,33 
31 IF <IC) 33,24,32 
32 MU=1 I 
GO TO 37 
33 MU=-1 
GO TO 37'' 
34 IF (M) 35,41,36 
35. IC=-2 
GO TO 32 
36 IC=1 
,,, 
GO TO 29 
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'· 
~ASTR=BAST~+MU•OEL ..• 
GO TO 14 
c. 
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\ .. . ., . . -~~-~ ... C_______ PR INT _QUT RE SUL TS 
-------
C ,_ ..... ...,, - ··«· - ,".<L -- --·- ... ~t '.. ,._,__:_' :. 
38 Y1MAX=Y1(NUM~l) . 
WRITE (OUT956) <Xl(J) ,Y1(J) ,NCO(J·) ,°NTECJ) ,J=1,NUH) ·r 11 -
WRITE· (OUT 957) Y1MAX \ 
Y1HAX=Y-1MA X•PY . ' ,... ,. ,. ' 
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......... 
. GO TO S ·., - . . : ', 
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ITER ·40 "WRIT·t (OUT,60) 
WRITE <OUT,61) 
WRITE (OUT,62) 
WRITE (OUT,63). 
I 
BASTR.,AXLOAO,MOMLD,OELTA · 
GO TO 8 . 
41 CALL EXIT 
42 FORMAT <I2,1X,I2) 
4 3 FORMAT ( L 1) 
44 FORMAT (A1,I1> 
45 FORMAT (10F8.0) 
46 FORMAT (A10) 
47 FORMAT (20F4.0) 
\ 
L, 
J • 
' ',· 'f 
,,_ -._, -· . --· 
46 ·FORMAT (1HO,• 0IMENSIONS•/!1H ,• B=•F8.3/1H • D=•F8.3/1H-• T=•F8.3 
1/1H ~ AREA=•FS.3/) 
49 FORMAT (4F5o0) 
·so FORMAT (!HO,• ELASTIC UNLOA0ING=•L5/) 
51 FORMAT (1H ,•<FLANGE)•8F7.2) 
52 FORMAT (1H ,•<W£B>•F7.2) . 
53 FORMAT (1HO,~ YIELDSTRESS-DISTRIBUTION(SY/SYG)•//) 
54 FORMAT (1H1,3X,A1U) 
55 FORMAT (1rl1~ COLUMN STRENGTH HITH. BENDING ABOUT •A1•-AXIS PERHITTE 
10•/iHO" L/R=•F8c2~ L=•Fs.2• YIELOSTRESS=•Fs.2• VO=•F8.4) 
,.• 
Sb FORMAT (1Hu~· v=•,F7.4~· P/PY=•,F7.4,3X,I4• ELEMENTS 'YIELDED IN 
1COMPR.•I4• IN TENSION•> 
. ' 57 FORMAT (lHO,~ PU/PY=•,FiO.~) 
58 FORMAT (1rl0,~ PU=~,F10.0) 
5·9 FORMAT < 1H O, 43·H•••.,••ERR.OR ENCOUNTERED) 
60 FORMAT (1HO ,36H••••••CONVE~GENCE NOT OBTAINED AF'LfR,I10;8H CYCLES 
1) 
61 FORMAT (1H0,22HLAST ITERATION CYCLE •• /) -
62 FORMAT (1H0,12H 9ASTR ,3X,17HP/PY(AXIAL EQUIL>,3X,17HP/PY(HOH 
} 
1ENTEQUIL> ,3X,10HOIFFERENCE/) 
63 FORMAT (1H ,4CF12.7,6X)) 
END 
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SUBROUTINE SUHSTR <RESTR,X,SY,DX,N,STRAIN,SfRN,IF> 
. c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
-C 
C 
C 
C 
C 
THIS SUBROUTINE PERFORMES.THE NUMERICAL INTEGRATION OF STRESSES 
ALONG ONE COMPONENT PLATE OF THE SHAPE TO OBTAIN INTERNAL MOMENT 
.. .. ~· 
AND FORCE 
IT ALSO COMPUTES THE NUMBER OF ELEMENTS YIELDED IN COMPRESSION 
.OR IN TENSION 
-
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••-
··coMMON 121 SF,MOMENT,BASTR,PHI,YSTR,SHITCH 
COMMON /6/ NYT,NYC,NEL 
DIMENSION RESTR<SO>. X<SO>, DX(SO>, SY(SO>, STRAIN(50>, STRN<SD>, 
C 
C 
C 
1IF (5 0 > ·· ·· ····---
RE.AL MOMENT 
LOGICAL NEL 
SF=O. 
MOMENT= 0. 
NYT=O 
NYC=O 
E·N.TRY SUMSTE 
00 9 J=1,N 
IF <J> =O 
ELSTRN=RESTR(J)+BASTR-<PHI•X(J))/YSTR 
IF <SWITCH> 1,3.1 
·1 STRAIN«J>=ELSTRN 
· CHECKS=STRN <J > 
EL YSTR= SY< J} 
IF (.NOToNEl) GO TO 2 
IF <CHECKSoGT.ELYSTR> GO TO 5 
IF <CHECKSelT.-ELY~TR) GO TO 4 
ELEHENT HAS NOT YIELDED AT PREVIOUS LOAD 
2 IF <ELSTRNQ-LT.-ELYSTR> GO TO 6 
IF (ELSTRN.GT.ELYSTR> GO TO 7 
3 · STRESS=EL STRN 
GO TO 8 , 
E~EMENT IS YIELDING FURTHER IN TENSION 
4 IF (ElSTRN.LT.CHECKS) GO TO 6 
ELEMENT I9 UNLOADING ELASTICALLY 
STRESS~ELSTRN-CHECKS-ELYSTR 
. -···--·---·-
-· --IE- _( J) .;: 1- -- ----- __ _ 
, GO TO 8 
.. 
~ 
.. 
., . 
·J· . 
. ~ ... 
: ,,:. 
... ::...- -
•. \ .• i 
- - --- ~---~~ 
·-·-c-·-·'' "ELEMENT. IS .. YI ELD ING. FURTtlER"· ··1]L:CO"M"PREss·1·cftt·--·····-· ----,-----_...,,.......-_;._,..J. .-. · . ___ ..;___ __ 
' 5 IF «ELSTRN.GE.CHECKS> GO TO 7 _ 
· · · . e · ELEMENT IS UNLOADING · ~ , - · . ··... . , -- .. 
,' . 
". 
,. ·1.·:·: .. 
.. 
,J''' 
' 
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_. · - . STRESS=EL STRN-CHECKS+ELYSTR- , · · . · ·· ·· . --- --_··-~-:-~-·--·-·-:,-·,.-
.•.• I. - ~ . .. ->~--,I·F· . < J » = 1 . ··········· . ··-· ~· 
•, .. _.. :\,._ ., -
GO TO 8 ; 
6 STRESS=-EL YSTR __ _ 
, .. ~ ., '· -
NYT=NVT+1 ' _\ ' .. ·.' ... 
~: .· . ..., . 
. ... ..... . 
· GO ir O 8 ' ·· .. · · .. --- ··· ·· .. -----·,--· - ....... . 
. ' u ' ... - .· .. - ' " .... 
-----7 -Sl RESS= ELY Sl-R-- ---------~---· 
-·- :··· - . 
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· NY C:: IN Y C + 1 · ,._, .- ' . ',' "ci,r/, ; . 
.,·, ' 
8. FELE=STREss•ox (Jl ,.. . .. ,· ... ' < ' \· 
- SF=SF-o-FEL E 
' 
-- : _-;.~ ·.- ... :.c,: -- -
. . . ~ 
OELMOM=FELE•X(J) . 
'\ 
9 HOHEMT=HOHENT+OELHOH: ' j. ,. I. ·. •. I 
_,.,.._..,' ~ 
., 
-~ 
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SUBROUTINE ADJUST 
I c•~··········~········!··················~···············~············· C . 
C THIS SUBROUTINE COMPUTES THE OUT OF EQUILIBRIUM MOMENTS, FORCE 
·. C- ANO STRESS OF THE RESIDUAL STRESS OISTRIBUTIONo 
C THE ,.RESIDUAL STRESS DISTRIBUTION IS THEN ADJUSTED FOR EQULIBRIUH. 
C 
c••••••••••~•~oi•••••~•~o•~••o~••~••••••o~•o•~~~···········j········,·· 
COMMON It/ RSTF1<5.0) ,RSTF2<50> ,RSTW1(50-> ,RSTW2<SO) ,NW,NF,NAHE,IOUT. 
COMMON /2/ SF,MOMlNT,BASTRtPHI,YSTR,SWITCH 
COMMON /3/ T 
. . . 
CO-t1M-ON /4/ DX (50 > y OY <SO), X (50 >, Y (50 >,XI, YI, XA, YA, AREA, D, BA 
.• 
COMMON /5/ XAA(50),YAA(50),XAAM(50),YAAM(50) 
DIMENSION SY1(50), ACSO> 
INTEGER C(50) 
REAL MOMENT 
DO 1 J=1,NW 
1 SY 1 (J > = 1 o 
C COMPUTE-MOMENT OF INERTIA 
. GALL MINERT (Yl,DX,X,NF,D,XA) 
CALL MINERT (XI,DY,Y,NW,BA,YA> 
WRITE <IOUT,8) XI,YI 
WR IT E ( IOU T , q > 
CALL OUTPUT-
BASTR=. 0 
PHI=.O 
SWITCH=.O 
DO 2 J=1,NW 
2 XAA(J>=XA 
DO 3 J=1,NW 
3 XAAM<J>=-XA 
DO ,,,.4 J= 1, NF 
4 YAA<J>=YA 
DO 5 J=1,NF 
I 
S YA AM < J > = - Y A · __ _ ______ _ 
- G --t!OMENT ABOUT Y-AXIS ANO AXIAL FORCE 
CALL SUMSTR <RSTF1,X,SY1,DX,NF,A,A,C> 
CALL SUMSTE <RSTW1,XAA,SY1,DY,NW,A,A 9 C) 
CALL SUMSTE <RSTF2,X,SY1,DX,NF,A,A,C> 
CALL SUMSTE «RSTri2,XAAM,SY1,DY,NW,A,A,C) 
S_U_MF =SF '!"_J_____ _ _ ____ ·- _. _ _ .. _________ . ____ ---------- -- ·- ---- -------· - -
SUMY=MOMENT•T . 
c--M·o-Mc: NT A BO u T .. X-trX·I s-·-· __ ,.. - -··- .. -------------------·---------------··. ---------------- -·--
:,-· 
·-·-
_(}. \. 
-~ 
:, 
·, ,, 
). 
.... .. .. 
' 
. C ... ----·---· --. 
. .. · - CA LL SUMS T R < RS T W 1 , Y , SY 1 , DY , N-W , A , A , C > . _ ... _ ·· . . . 
------- ,» --· -_ =---· - -:·-~-. ----~-~----~---~---cAll- ···sur1sr E~-'-< R~TF 1 ··~-vA_A _; svr:;-o"x·~_"rrr=--~--A~:A·;cr-···---------------~-.-.. ~~~-~--·----~-T- · 
CALL SUMSTE (RST~2,Y,SY1,D~,NW,A,A;c1 . -
.... , --- ----. ' CALL SUMS T E ( ~ST F 2 , YA AM , SY.1 , DX , NF, A , A , C > __ 
SUMX=MOMENT""T 
r 
·l 
·~ 
. I 
. . : 
WRITE <IOUT,10) SUMF I "' :A. ·.· ·--·- i 
J~ SUMS=SUMF/AREA t 
··---··------------------------- - -. ----·-.. - ---- _ ... - --- -- - 1..• RITE < 1 o· UT "' 11 >· ... , SU ..... ·s -. ~~·-- --· --- · ------ ------- ---~c·-,-',-' 
•.'--'-'--··----- ----~--.----_._ ,-.---.---- - - n - - - - - - -- -___ --- ____ .. .,__ - -·-··----. -.· ... -.~·~•-·· -______ ·- ---- . '. _, - -- .... o... . . •.. .. • 
C 
- c-·· 
- H~ITE (I0UT912) SUMY 
WRITE (IOUT,13) SUMX 
ADJUST FOR E~UILI8RIUM 
• 
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" 00; 6 J = 1 • NW 
RSTW1(JJ=RSTH1(J)-SUHS~SUHY/YI•Xt 
' 
' c,' I 
.,.. 
'· 
. . - . =-.--------
·- ·:........:...: ;- ...:. •••• -·-- • •• , '"I" -- • 
.... 
. ·,i' 
\ 
... , 
I ,' I-', 
" 
. -~-.....1..-- ... · .-·.-- .. ··--- . 
6 RSTW2(J>=RSTW2(J)-SUMS+SUHY/YI•XA 
CALL EQUILI <RSTW1,RSTW2.,SUHX,XIfY•NW> 
00 7 J=1oNF 
RSTF1<J>=RSTF1(J)-SUHS-SUMX/XI•YA 
' ' 
7 RSTF2(J)=RSTF2(J)-SUMS+SUHX/~I•YA 
8 
g 
10 
11 
WRITE (IOUT,14) 
·CALL OUTPUT 
RETURN 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
(1HO,• 
( 1H 1, • 
(1HO 9• 
(1HO v.w-
C1HO fJ.w. 
(1HO,.f 
IX=•,F1D.3,• IY=•,Ft0.3,• INCH4•> 
ACTUAL 
OUT OF 
OUT. OF 
RESIDUAL S~RESS 0ISTRIBUTION•/1H ,• 
EQUILIBRIUM FORCE=• 9 F10e5) 
EQUILIBRIUM STRESS=~,F10e5> 
OUT OF EQUILIBRIUM MOMENT MY=• 9 Fi0.5) 
,/ 
' o, 
-80· 
. 
·"'' .. .' -- -- : -- ._ . ..,. ,J,~ .:/ -~"·----~1, 
.. ;. 
12 FORMAT 
13· FORMAT 
1lt FORMAT 
OUT OF EQUILIBRIUM MOMENT MX=•,Ft0.5) 
(1H1,• RESIOUAi STRESS-OIST~IBUTlON ADJUSTED FOR 
,• KSI•/) 
EQUILIBRIU 
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SUBROUTINE OUTPUT 
c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C 
C 
. . ----- ----···· . ., .. : 
THIS SUBROUTINE IS USED ·TO· PRINT OUT A RESIDUA( STRESS DISTRIBUTION 
IN A CERTAIN PATTERN 
I c••••••••••••••••••••••••••~••••••••••••••••••••••••••••••••·~··••••••• 
COMMON /1/ RSTF1<50>,RSTF2(50),RSTW1(50>,RSTW2(50),NW,NF,NAME,IOUT 
C 
WRITE (IOUT,1) NAME 
NF 02 = ( NF+ 1) / 2 
WRITE (IOUT,2> <RSTF1<J>,J=1,NF02) 
HRITE (IOUT,3) (RSTW2(J) ,J=i,NW) 
WRITE <IOUT,2) ·(RSTF2<J>,J=1,NF02) 
WRITE <IOUl94) 
WRITE <!OUT, 2> 
WRITE <IOUT,5) 
WRITE (IOUT,2) 
RETURN 
< RS T F 1 < J > , J =NF O 2 , ·NF> 
<RSTW1<J>,J=1,NW) 
<RSTF2(J) ,J=NF02,-NF) · 
.. 
1 FORMAT C1HO,A10) 
2 FORMAT (1HO,•(FLANGE>•,18F7.2J 
3 FORMAT (1H ,•<WEB>•,F7.2) . 
4 FORMAT . < 1 H 1 > 
5 FORMAT (1H ,100X,~(~EA>•F7.2l 
END 
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SUBROUTINE MINERT (XI,D,X,N,B,XA) 
C••••••••••••••••••••,••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C G 
--~ - . --.. ·-------··-··· -
THIS SUBROUTINE COMPUTES.THE MOMENT OF INERTIA OF THE CROSS SECTION 
, ' ~ 
c•••••••••••~••••~••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DIMENSION 0(50), X(50) 
COMMON 131 T 
XI=Oo 
'. 
DO 1 J~1ta N 
1 XI=XI+2o•T•O(J)•X(J)•X<J> 
XI=XI+2.•xA•xA•B•T 
~.ETURN 
ENO 
.• 
_, 
;, 
'P' 
·' 
, 
•.•' 
. 
~ ' 
./ . ~- /" 
.. SUBROUTINE EQUILI <RST1,RST2,SUMH,XI,X,N) 
c•••••••••••••··~··•••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C 
C 
THIS SUBROUTINE IS USED TO ADJUST THE RESIDUAL STRESS DISTRIBUTION 
FO~ EQUILIBRIUM 
c•••••••••••••••i•••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DIMENSION RST1(50>, RST2(SO>,. XESO> 
DO 1 J= 1, t~ 
RST1<J>=RST1(J)-SUMM/XI•X<J> 
1 RST2(J>~RST2(J)-SUMM/XI•X<J> 
RETURN 
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